Introduction

1
Realistic estimates suggest that food losses in the range of 25 to 30 percent of production 2 result from the ravages of pests, pathogens and abiotic stresses between crops growing in the 3 field and the plate. These levels of loss are unacceptable by any yardstick and made less 4 acceptable when measured against estimates that the world population will reach 9 billion at 5 least by 2050. That requires the doubling of the world's food supply even to stand-still. It 6 must be achieved against a background of increasing scarcity of water and productive land, 7 the loss of natural biodiversity and the effects of global climate change causing alterations in 8 temperature and the seasonal distribution of precipitation such that some current forms of 9 crop husbandry are likely to become untenable. Against this background of increasing 10 uncertainty is the frightening prediction that human conflicts will increase (Dixon 2012 ).
11
After cereals, the brassicas are the most economically important and nutritionally 12 essential crops worldwide. Members of the family Brassicaceae provide mankind with fresh 13 and in some cases processed food derived from the leaves, flowers, stems and roots.
14 Increasingly, it is recognised that consumption of these foods has health benefits which 15 reduce the risks from cancer, heart diseases and strokes, the ailments of affluence. Vegetable 16 oils derived from brassica seed constitute the world's major source of unsaturated fats 17 carrying similar benefits for human health and welfare. Brassica oilseeds also provide sources 18 of saturated fats used for oils and industrial lubricants. Other brassicas provide animal fodder 19 and forage, food condiments and flowering amenity ornamentals. These are the obvious 20 agricultural benefits of brassicas (Dixon 2007) . But their biggest biological service for 21 mankind may yet come from a tiny rockcress ornamental and weed Arabidopsis thaliana.
22
This has become the workhorse of choice for plant molecular biology used in laboratories 23 worldwide as a basic model vehicle for unraveling and understanding genetic control of cell 24 and organism form, structure, inheritance, evolution and ancestry in all biological entities. A consideration of the interactions between pathogen, host and environment 3 Challenging this fundamentally essential suite of brassica crop plants are numerous pests, 4 pathogens and abiotic stress disorders. Quite probably the one which offers the greatest 5 challenges to biologists and agriculturists is the microbe Plasmodiophora brassicae, which is 6 the causal agent of clubroot disease. This is a member of the order Plasmodiophorales, all of 7 which are obligate parasites (Tommerup & Ingram 1971 ). The challenge for biologists is its 8 nature as a non-axenic, microscopic, single-celled, soilborne microbe which exists as a 9 dormant, well-protected resting spore which at germination releases a mobile bi-flagellate 10 primary zoospore. Existence in the soil moisture films is very short-term and following 11 invasion of brassica root hairs, the microbe enters a primary phase of multiplication leading 12 on to secondary stages which are accompanied by massive host cell hypertrophy, which is 13 induced by disrupted growth regulator production in the cortical cells. On completion of 14 multiplication cycles, resultant resting spores are liberated back into the soil in vast 15 quantities. Biologists are challenged by this secretive life style of P. brassicae, where even 16 the occurrence and position of meiosis is still open to speculation (Dixon 1981 ).
17
The challenges to agriculturists start with the resting spores. Resting spores of P. have evolved an intricate protection mechanism of five spore walls composed of fungal chitin 21 and carbohydrates (Moxham & Buczaki 1983) . This combination renders the spores resilient 22 to degradation by extra-cellular enzymes produced by predatory soil organisms. For the 23 majority of the life cycle, the component stages -zoospores, sporangia and sporangiospores -24 develop and grow protected within the host body. Only for a short period is P. brassicae 25 exposed to unfavourable environmental conditions, either biotic or abiotic in nature, when it 1 exists as minute, naked, free swimming primary zoospores (Dixon 2006; Dixon 2009a structures of host tissue which provide this microbe with an ideal habitat (Dixon 2009a ).
10
Being protected in this manner is probably one reason why chemical control of this microbe
11
proves so difficult to achieve. Potential agro-chemicals need a systemic mode of action, being 12 translocated through the host roots and being capable of moving into the cortical cells. Scandinavia. In some of these areas, the natural mutability of the Brassicaceae expressed 17 itself by the development of amphidiploid, fertile new sub-species and species such as B. The scant evidence available suggests that P. brassicae is a parasite of cultivation.
10
Infrequently, it is found on native plants although it is fairly commonly present on weeds in 11 cultivated fields. Additionally, surveys of wild brassica species sampled around the
12
Mediterranean Basin failed to detect the presence of P. brassicae (Mats Gustaffson, pers. forms of brassica and exploited their succulence and the readily available energy sources.
15
Whether that encounter took place once in a single location or several times and in different 16 places is a fascinating question associated with all this speculation which ultimately 17 molecular biology may be able to answer.
18
Studies of clubroot -descriptive records 19 It is evident that in the Ancient World, there was increasing interest in observing agricultural 20 crop problems and conditions similar to clubroot are recorded. The Romans were aware of 21 root symptoms which they described as spongy fungus-like roots (radices fungosae).
22
Pallatius suggests avoiding stable manure and chaff (Böhner 1922 catalogued by Karling (1968) and Buczaki (1983) . The organism is now placed in the order 13 Plasmodiophorales, family Plasmodiophoraceae (Braselton 1995).
14 Establishing pathogen biology and host responses 15 Research over the following three-quarters of a century is summarised in the monographs 16 produced by Colhoun (1958) and Karling (1968 injected into the host cell upon evagination of the rohr, forming a primary plasmodium within 10 the host root hair. The infection process is considered to be physical as no enzyme 11 involvement has yet been detected.
12
Defining the environmental conditions conducive or suppressive to clubroot forms a 13 major part of research interest linked with studies of the effects of soil structure, texture and 14 nutrient composition (Rouxel 1991 From the 1980s to the present day, there has been increasing scientific interest in P. 
11
An active program charting field epidemiology in oil rape crops in Sweden determined the 12 half-life and capacities for disease spread. In these studies, Wallenhammar (1996) clubroot disease (Yoshikawa 1993).
5
There was a long-term interest in the host-pathogen physiology in the Free University in Berlin which produced more details relating to the life cycle and other aspects of P. brassicae. This also led to a major program concerned with the effects of the pathogen on 
10
These authors discussed and summarised many years of study in the following analysis: "The (1945), in which soil alkalinity was altered using nutrient solutions which did not contain 19 calcium, suggested that it was the direct effect of pH which decreased the level of infection.
20
A soil pH greater than 7.2 was found by Myers & Campbell (1985) to decrease primary In the last decade, research has re-focused on the opportunities for direct biological 
11
Some soils which are suppressive to P. brassicae have been identified. In some 12 instances, the soils did not remain suppressive after sterilisation, indicating that a biological clubroot disease control may be the most fruitful.
5
The work of Dixon & Webster (1988) goes some way towards explaining the 6 occurrence of soils which are suppressive to P. brassicae but not due to biotic factors. Such conducive soil, the pH was altered to 6.7 and the calcium content to 1210 ppm.
11
Suppressiveness was lost from soils when they were acidified with sulphuric acid but 12 returned when sodium carbonate was applied. Acidification of the soil increased the level of 13 calcium by the dissolution of calcium compounds. As a result the availability of calcium 14 decreased due to the higher concentrations of hydrogen ions.
15
The fertiliser calcium cyanamide provides a classic example of the manner by which 16 soil suppressiveness to P. brassicae may be encouraged by the manipulation of soil 17 chemistry, which then encourages the development of microbial flora which are antagonistic 18 to the pathogen. This fertiliser is well established and environmentally benign (Dixon 2012b ).
19
The activity of calcium cyanamide in relation to P. brassicae infection was recognised as 
21
It is essential that robust diagnostic tools are utilised in order to quantify the inoculum 
12
Alongside all this work runs a strand of more fundamental studies looking at host-pathogen 14 Currently, clubroot is recognised as of major significance in both brassica vegetables and oil 15 seeds in China. The problem there is so huge that special measures are being taken to boost 16 research and attain methods for control.
17
The approach which preserves and enhances soil integrity linked with capacities for hosts of P. brassicae grow and in which clubroot disease develops (Fig. 1) . The pathogen P. brassicae and its hosts in the soil environment have been unraveled over the last two decades.
8
There is now a much enhanced understanding of the effects of soil chemistry on the early 9 vulnerable stage of the life cycle of P. brassicae when naked primary zoospores are released.
10
Additionally, substantial knowledge has been gained of the effects of soil chemistry on the 11 primary invasion and colonization of root hairs. This is summarized in Fig. 2 . The practical 12 objective is achieving the suppression of growth by P. brassicae as described in Fig. 3 . 
